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The inert strength and dynamic fatigue properties of fused-
silica optical fibers are studied using subthreshold indentation
flaws, i.e., flaws without radial cracks. These subthreshold
properties differ from those obtained in comparative tests on
silica rods containing postthreshold indentation flaws in three
-major respects: (1) the inert strengths are significantly higher
than predicted by extrapolation of the postthreshold data;
(2) the slopes of the dynamic fatigue plots are likewise greater,
indicating a greater susceptibility of the subthreshold flaws to
chemical Kkinetic effects; and (3) the scatter in strengths is
wider. These trends reflect the change in mechanical response
reported for optical fibers with “natural” flaw populations in
going from ordinary to ultra-high-strength regions. Direct
observations of the indentation sites up to the point of failure
indicate that the property differences can be interpreted in
terms of a transition from propagation-controlled to initiation-
controlled fracture instabilities at reduced contact loads. The
subthreshold instability condition is modeled qualitatively as a
two-step, deformation-fracture process, with strong emphasis
on the importance of residual stress fields in parametric evalu-
ations. The relevance of the results to the practical issue of
fiber reliability, most notably in connection with the potential
dangers of using macroscopic crack velocity data to predict
long-lifetime characteristics, is addressed.

I. Introduction

THE PRODUCTION of optical-quality glass fibers with ultrahigh
strengths (>5 GPa) over long lengths (>5 km) is now tech-
nically feasible.'~ The key to sustaining such strength levels is the
avoidance of any stress-concentrating sources (e.g., dust particles)
at all times after initial drawing of the pristine fiber, so_that the
surfaces might remain free of microscopic “flaws.” Once created,
flaws can evolve with time, particularly in the presence of water-
containing environments, thereby causing the strength of the fibers
to degrade progressively, i.e., to “fatigue.”* "' There are some
precautions that can be taken to minimize strength degradation,
for example by appropriate coating and packaging of the pristine
fibers. However, the optimal use of any such fiber product rests,
as for all brittle materials, with a proper understanding of the
underlying micromechanical processes which can lead to failure.

Until now the common approach to a design philosophy has been
to assert that the strength-degrading flaws are “microcracks,”
scaled-down versions of the macroscopic crack configurations gen-
erally used in fracture mechanics studies on bulk glasses.'>"> Then
the well-established “laws” of crack growth obtained from the
latter studies may be assumed to hold equally well in the micro-
scopic region; the problem is reduced to purely geometrical terms,
whereby the strength properties are determined by some character-
istic “flaw size.” Unfortunately, it is not generally possible to
specify this flaw size a priori for any given fiber; experimental
techniques for locating and quantifying the severity of potential
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failure sources are not yet available. Consequently, the design
engineer has had to proceed along a statistical front, assuming that
the critical flaw is a member of some well-defined (e.g., Weibull)
population, the functional parameters of which may be evaluated by
laboratory testing of a sufficiently large sample of specimens.” ™

Moreover, there is cumulating evidence that fracture parame-
ters evaluated in strength tests on optical-quality fibers differ sig-
nificantly from those evaluated in comparable tests on bulk glass. "*
An important case in point is the (inverse) “fatigue susceptibility”
parameter, n, determined from the slopes of strength vs stressing
rate (“dynamic fatigue”) plots. Values of this parameter tend to be
much lower than those obtained from crack velocity data on bulk
glass, by as much as one half at the higher strength levels. Thus for
fused silica in water environments, strength measurements on pris-
tine fibers give n = 20,%7%'° whereas direct measurements of the
crack velocity exponent give n = 36 to 41.'"” There is the sug-
gestion that the simplistic macroscopic crack growth flaws may no
longer apply in the region of ultrasmall flaws, thereby casting a
shadow on the entire fracture mechanics theory of strength in
this region.

One experimental technique which overcomes the objection of
working with an ill-defined flaw system is that of indentation, '*~*°
By deliberately contacting the surface of a prospective strength
test specimen with a Vickers hardness indenter one introduces a
“controlled flaw” whose geometry and location can be prede-
termined accurately. Direct observation of the evolution of such
artificial flaws, from initial formation during the indentation cycle
to growth to failure during the subsequent strength test,'-2%2%-2°
has provided new insights into the general micromechanics of flaw
response. Chief among these is the crucial role of residual driving
forces (associated in the present case with the irreversible compo-
nent of the contact field*®) throughout the entire evolution of the
radial crack system.'®:'>?%2° This role is manifest in time-
dependent strength characteristics as an increase in the fatigue
susceptibility: whereas the n value for glass surfaces containing
residual-stress-free indentations (e.g., surfaces subjected to a
postcontact anneal) with well-developed radial cracks corresponds
to that determined from independent velocity measurements, the
apparent value for as-indented surfaces is about one quarter
lower.?"*2 We may recall from the previous paragraph that the ap-
parent n value for high-strength optical fibers is also lower, al-
though the discrepancy factor there was about one half. Could it be
that the “natural” strength-degrading flaws in the fibers, insofar as
they can be considered to retain the identity of true microcracks,
are subject to essentially similar, if stronger, residual driving
forces?

It is this line of thinking which has prompted recent attention to
indentation flaw response at low loads. Herein lies one of the
unique advantages ofl the indentation methodology: one has the
facility to control the size of the flaw, via the contact load, allow-
ing for systematic study of fracture laws on going from macro-
scopic to microscopic dimensions. It is well-known that there is an
abrupt threshold in the load, below which the indentations no
longer generate radial cracks.” For silicate glasses this threshold
occurs at =10 um in flaw size, although the critical condition is
highly sensitive to test environment, especially water.”*>° Ques-
tions arise as to whether these subthreshold flaws retain the capa-
city to degrade the strength and, if so, whether the residual stress



564 Journal of the American Ceramic Society—Dabbs and Lawn

Sandwich
Fiber

f
Cut

Fig. 1. Cardboard sandwich mount for protecting fiber during
testing. Stripped central indentation region is exposed in V-shaped
window. Mount is cut along dashed line after ends are secured in
tensile loading machine.
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Fig. 2. Fixture for testing strength of sand-
wiched fiber specimens. Specimen is housed
within cylindrical chamber for environmen-
tal control through ports. Section shows
gripped fiber along vertical axis.

field continues to play an important role. In connection with the
latter question, it is observed that radial cracks can generate spon-
taneously from the corners of subthreshold impressions long after
completion of contact, again provided the surface is accessible to
water environments.?®?° As to the first question, Dabbs et al.*
showed that crack-free indentations do indeed provide preferential
failure sites in otherwise pristine borosilicate glass fibers, but that
the inert strength undergoes an apparently abrupt increase on
traversing the threshold into the low-load region. It would seem
that the strength is governed more by the micromechanics of crack
initiation than of propagation in the subthreshold domain. A sub-
sequent dynamic fatigue study on soda-lime glass rod specimens
(etched before indentation to remove spurious handling flaws)?’
showed a similar postthreshold-subthreshold discontinuity in
strengths and, at the same time, a further diminution in apparent
n value to about one half of the true crack velocity exponent, i.e.,
consistent with the factor noted earlier in connection with data from
pristine surfaces. These results carry the promise of quantitative,
as well as qualitative, simultations of flaw types which ultimately
limit the strength properties of optical fiber components.

The present paper follows on from the earlier indentation studies
by investigating the subthreshold inert and fatigue strength proper-
ties of actual fused-silica fibers. Comparative data from bulk silica
glass rods are used to establish a postthreshold reference base for
distinguishing between macroscopic and microscopic failure re-
sponses. An interpretation of the data in terms of current knowl-
edge of crack initiation and propagation in glasses is offered. In
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this respect, it is acknowledged that fused silica has “anomalous”
deformation properties, which reflect strongly in t.e initiation re-
sponse.> The implications of the results concerning reliability
predictions, particularly the dangers of extrapolating macroscopic
crack daia into the microscopic flaw region, are considered.

II. Experimental Procedure

The experimental program was conducted in two distinct parts,
corresponding to subthreshold and postthreshold indentation flaw
responses. For the subthreshold region, pristine optical-quality
fused-silica fibers were used. * It was found to be impractical to use
these same fibers for extensive characterization of the post-
threshold region, however, because of premature failures during
preparation (see Section II(1)) when the fibers contained radial
cracks. The bulk of the data for this latter region was accordingly
obtained on rod specimens of the same silica material." Limited
subthreshold tests were run on the rods to confirm the validity of
data intercomparisons on either side of the threshold.

(1) Tests on Fibers: Subthreshold Flaws

Silica glass fibers 200 um in diameter were cut into 100-mm
lengths from spool-wound stock. The fiber was supplied with a
protective silicone resin coating. About 10 mm of this coating was
dissolved from the center region of each specimen by immersion
in concentrated H,SO,. After the fiber was rinsed in distilled water
followed by methanol and then dried in a stream of hot air, it was
sandwiched between two sheets of cardboard which had been
covered with slow-setting epoxy (Fig. 1). This sandwich extended
over the length of the specimen but had a V-shaped window at its
center so that =2 mm of the stripped region was visible. Through-
out the preparation extreme caution was exercised to ensure that no
physical contact was made with the exposed part of the fiber. Any
specimen showing signs of contamination was discarded.

The center region of each fiber was then indented with a Vickers
diamond pyramid, care being taken to clean the indenter tip of any
debris between each run. Special attention was directed to align-
ment: the indentation load axis was brought into coincidence (to
within £2 um) of a diametral line through the fiber and the im-
pression diagonals were oriented parallel and perpendicular to the
fiber length. This procedure was to ensure a symmetrical flaw
geometry relative to the subsequent tensile stress direction. All
indentations were made in air at a peak contact duration of 10 s.
Loads of 0.15, 0.25, and 0.50 N were used. The lowest of these
loads corresponded to the limit of the hardness testing device
available to us. The highest corresponded to the load above which
radial cracking occasionally generated on prolonged (>1 d) post-
contact aging in the laboratory atmosphere; these specimens invari-
ably failed prematurely. In our experiments precautions were taken
to keep the time between indenting and breaking to less than 1 h,
and to screen each indentation microscopically immediately before
the breaking test itself, to ensure that the strength data would be
truly representative of the subthreshold flaw state.

Each test specimen was then secured in a crosshead testing
machine with the fiber length carefully aligned along the tensile
axis (Fig. 2). The end grips contacted only the outer cardboard
layers, ensuring that the fiber itself was cushioned against spurious
stress concentrations. At this stage the cardboard was cut at mid-
plane, along the dotted line in Fig. 1, thereby freeing the fiber to
bear the subsequently applied tensile loading. Preliminary tests on
unindented specimens showed that the cardboard layers could hold
the fibers without slipping up to =2 GPa longitudinal stress (com-
puted relative to the initial cross-sectional area), a level consid-
erably greater than that realized in the ensuing tests on indented
specimens. With our arrangement, stressing rates from 0.5 to
1500 MPa-s™' were attainable. A conventional strain gage load
cell was used to monitor the loading for failure times greater than
a few seconds and a piezoelectric cell likewise for smaller failure
times.” All of these tests were conducted in an environmental

*Amalgamated Wireless Ltd., Sydney, Australia.
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Fig. 3. Plot of inert strength of fused silica fibers (open symbols) and rods
(filled symbols) as function of Vickers indentation load. Two distinct
regions of behavior, corresponding to a transition from subthreshold to

stthreshold flaws, are apparent. As an indicator of flaw size, hardness
impression half-diagonal a is included as an alternative independent coor-
dinate, using H = P/2a* = 6.3 GPa (Vickers hardness for silica) as the
basis for converting from indentation load.

chamber (Fig. 2); dry nitrogen gas served as the environment for
inert strength measurements and distilled water for dynamic fatigue
measurements. After failure, the fibers were again examined
microscopically to confirm that failure had originated from the
indentation site. Almost invariably, the indentations split corner to
corner along the median symmetry plane, producing a fracture face
much the same as if radial cracks had been present all the time.

A few additional specimens were prepared for strength testing
with two indentations in the center region at a spacing of =1 mm.
These specimens were for examination of the near-critical flaw
state: failure always occurred from just one of the indentations,
leaving a “dummy” representative of the flaw state on the verge of
instability.”® These specimens were not included in the overall
strength data pool.

(2) Tests on Rods: Postthreshold Flaws

Parallel strength data were obtained on silica rods 4 mm in
diameter using a test procedure described earlier.’**” The rods
were cut into 100-mm lengths from cane stock. These were given
a pre-etch treatment in 10% HF/10% H,SO, for =10 min to re-
move handling flaws from the surfaces. After the rods were rinsed
and dried, they were dipped in polyurethane resin from both ends
for subsequent protection, care being taken to restrict handling to
the end portions until the coating was fully dried.

Vickers indentations were made in the same manner as described
in Section II(1), albeit in the postthreshold region. The actual loads
were 10, 20, and 50 N. Below =5 N the indentations did not
always produce cracking, whereas above =100 N cracking was
severe, to the extent that chipping occurred. The radial crack
patterns within this load range were not always of the classical
form observed in “normal” glasses;** spurious ring cracking was
sometimes evident and the radial traces tended to emerge from
points on the impression perimeter away from the corners. Those
specimens without well-defined radial cracks perpendicular to the
rod axis were eliminated.

The acceptable specimens were broken, within 1 h of inden-
tation, in four-point flexure. The flexure ag;mratus was constructed
in accordance with ASTM specifications,™ inner span 20 mm and
outer span 60 mm. Special care was again taken to orient the
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Fig. 4. Dynamic fatigue plots for fused silica fibers (open symbols) and
rods (filled symbols) tested in water at Vickers indentation loads specified.
Distinction between subthreshold and postthreshold regions of behavior is
apparent, notably in slopes of linear fits. Standard deviation error bounds
are not shown but are typically *15% for fiber data, 6% for rod data.

indentations at the maximum tensile surface.?® The equipment for
delivering and monitoring the breaking load was the same as de-
scribed in Section II(1). For the rods, the range of available stress-
ing rates was 0.1 to 1000 MPa-s™'. A dry environment for inert
strength measurements was obtained by encasing the test specimen
in a plastic sleeve through which nitrogen gas could be blown.
Dynamic fatigue measurements were made with the indentation
site covered by a drop of distilled water. All failures in the post-
threshold load range were found to originate from the radial cracks.

Some additional specimens were prepared, as with the fibers,
with dummy indentations for characterization of the critical flaw
state.”*® Another set of controls was prepared with 0.50 N inden-
tations for comparison with the corresponding fiber data.

III. Results

The results of the strength tests on the fused silica fiber and rod
specimens are summarized in Figs. 3 and 4. Each data point repre-
sents the mean and standard deviation (computed in logarithmic
coordinates) of at least 10 fiber specimens or 4 rod specimens
(although the error bars are not shown explicitly in Fig. 4, to avoid
data overlap). The lines through these points are analytical fits, as
described next.

(1) Inert Strengths

Figure 3 is a plot of the inert strength, o, as a function of the
indentation load, P. These data were obtained at the fastest stress-
ing rate available with our apparatus to minimize a possible fatigue
effect from trace moisture in the nitrogen environment. It is imme-
diately clear that there are two distinct regions of behavior, accord-
ing to whether the load is greater or less than the threshold value,
P.. In particular, note the apparent discontinuity in the strength
function o;(P); the subthreshold strengths are significantly higher
than the values that we would predict by extrapolation from the
postthreshold data. The overlap at P = 0.50 N between data
points for rods and fibers confirms that this discontinuity is no mere
artifact resulting from changes in specimen configuration. As men-
tioned in Section I, such behavior is consistent with a transition
from propagation-controlled to initiation-controlled failure. The
increased scatter in the subthreshold data region is worth noting in
this context.

The dummy indentation experiments referred to in Section II
provided more direct information on the issue of propagation- vs
initiation-controlled failure. For the rod specimens with post-
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Table I. Parameters for Fused Silica from Strength Data

Postthreshold Subthreshold Units
Inert n' =190 = 12 n" = 603 = 70 MPa-N'"?
Fatigue* n' =307 0.8 n"=19.0 £ 1.5
log Ap = 62.7 % 0.5 log A = 50.6 * 2.7 '

*Water environment. 'Evaluated for o, in MPa, &, in MPa-s~'.

threshold flaws, the surviving dummy indentations indicated a
significant radial crack extension (=50%) in the direction perpen-
dicular to the tensile axis.* This precursor growth enroute to failure
reflects the stabilizing influence on the equilibrium failure con-
figuration exerted by the residual-contact driving forces.'*~** By
contrast, for the fiber specimens the dummy indentations showed
no signs of any radial cracking at all at the low loads used. Failure
in this case appears to have generated spontaneously from within
the hardness impression. Thus from a fracture mechanics stand-
point, it is only in the postthreshold region that we are able to
define a well-developed crack system for determining the critical
failure condition.

It is therefore not surprising that detailed theoretical formula-
tions of the function o;(P) for comparison with such data as in
Fig. 3 are currently available only for postthreshold indentation
flaws. The essence of this formulation is surveyed in Ref. 34. One
begins by writing down a stress intensity function for pennylike
radial cracks subjected both to residual-contact and external
driving forces, K = K(c, P, 0,), where c is the crack size, P the
indentation load, and o, the applied stress.'®'® Then the require-
ment for unstable equilibrium, dK/dc = 0 at K = K., where K.
defines the “toughness,” is invoked. This gives the result®*-**

oi=7'/P" (1

where 7' = n'(K.) is a material constant.® (Here single- and
double-prime notation will be used to distinguish postthreshold and
subthreshold parameters.) The solid line through the postthreshold
data points in Fig. 3 is a best fit in accordance with Eq. (1). In the
absence of an analogous relation for subthreshold flaws we have
tentatively applied the same fitting procedure to the fiber data.
The values of the parameters 7' and 0" obtained from these fits
are given in Table I. The relative values of these parameters use-
fully quantify the difference in mechanical response in the two
flaw states.

(2) Fatigue Strengths

Plots of the dynamic fatigue strength, o, as a function of ap-
plied stressing rate, o,, are given in Fig. 4 for each specified
indentation load, P. The horizontal broken lines at right in these
plots indicate the corresponding upper-bound inert strength levels
from Fig. 3. It is again apparent, from the slopes as well as from
the strength levels and the scatter, that the mechanical response is
different above and below the threshold load.

As in the previous subsection, a detailed fracture mechanics
description for analyzing the data in Fig. 4 has been developed
only for the postthreshold configuration.* To obtain a dynamic
fatigue relation, the same stress intensity function as before
(Section III(1)) is used to define the net crack driving force. This
time, however, a crack velocity equation, v = vo(K/K.)", governs
the crack extension, where n and v, are material-environment
parameters. The solution of the differential equation which results

from the combination of these expressions is of the familiar
fom2l.24.26.34.35

o= (A ld,u)l/(n’ﬂ) (2)

*Quantitatively, using the scheme outlined in Ref. 26 for reducing crack-size data
at different loads, we find ¢/P?* = 9.7 = 1.4 um/N??immediately before strength
testing (254 cracks) and c,,/P?* = 15.2 = 2.7 um/N?3 at the critical configuration
(21 cracks).

*Strictly, n’ also depends on the hardness-to-modulus ratio H/E, but this de-
pendence is weak and is of no relevance here (Ref. 20).

The parameter n’ is of special interest, for it determines the
“susceptibility” (strictly, the inverse susceptibility) to fatigue ef-
fects, as mentioned in Section 1. For idealized flaws free of all
residual-stress influences, n’ identifies with the crack velocity
exponent n.”' For the more general case of interest here where
residual driving forces are by no means negligible, the parametric
connection is less direct. The analysis gives***

n' =3n/4 + 1/2 (3a)
A= Ap/PRTDR (3b)

where Ap = Ap(n, vo,K.) is a load-independent constant for the
material-environment system. According to Eqs. (2) and (3), the
function o(c,) at different P should plot as a family of parallel
straight lines on a dynamic fatigue diagram, at least in the post-
threshold region.

The solid lines in Fig. 4 are appropriate best fits to each data set.
In extending this linear fitting scheme to loads at P < P. we
acknowledge, as with the inert strength analysis, that no physical
significance should be attached to the subthreshold parameters n”
and A" evaluated from Eq. (2). Certainly we cannot expect the
connecting relations in Eq. (3) to remain valid in this region, for
these relations are based on far-field approximations in the
residual-contact K(c, P) function.'®® With this qualification, we
plot the slope and intercept parameters from Fig. 4 as a function of
indentation load in Fig. 5. For the rod data, at P > P., the n’
parameter plots independently of P, as required by Eq. (3a). The
solid line is an averaged representation over the individual mean
values in this load range. On the other hand, the corresponding A’
parameter depends on P. In this case the solid line is a representa-
tion of Eq. (3b) at constant Ap, fitted in accordance with the aver-
aged n' value from the upper plot. Similar fits to the fiber data at
P < P, are indicated in Fig. 5. The results of the parametric evalu-
ations from these fits are included in Table I. Once again, the
relative values of the parameters for the two flaw states serve to
highlight the difference in mechanical response.

IV. Discussion

The results in the previous section indicate distinct changes in
strength properties on traversing the postthreshold-subthreshold
indentation flaw transition load. These changes are seen most
clearly in the graphical constructions of Figs. 3 and 5 and in the
parametric evaluations of Table I. We may summarize the three
major features as follows:

(1) An increase in the inert strength, by a factor "/’ = 3.
The subthreshold indentations do not have well-developed radial
cracks, yet remain preferred sites for fracture. Tests on fibers with
dummy indentations show corner-to-corner failure from the critical
flaw, but no crack pop-in at the surviving flaw. This behavior
indicates that the subthreshold flaws do ultimately fail by the same,
unlimited radial fracture mode as their postthreshold counterparts,
but that this fracture mode has to overcome an initiation behavior.

(2) An increase in the fatigue susceptibility, as reflected in-
versely by the ratio n”/n’ = 2. From macroscopic crack tests on
fused silica in water, values for the true crack velocity exponent in
the range n = 36 to 41 are reported.'®"” These values may be
compared with the estimate n = 40.3 = 1.1 from the present dy-
namic fatigue data for postthreshold flaws, obtained by inserting n’
into Eq. (3a). The level of self-consistency here allows us to assert
that the radial flaws behave in the same way as large-scale cracks
right down to the threshold load. The apparent reduction in velocity
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Fig. 5. Plots of apparent n and A parameters from data fits of
Fig. 4 as a function of appropriate indentation loads. (A has units
as evaluated in Table I.) Indentation flaw size axis at top is plotted
as in Fig. 3.

exponent for the indentation flaws in this region, n'/n = %, is a
measure of the residual-stress influence in the dynamic fatigue
response. On entering the domain of subthreshold indentations this
ratio reduces further, to n"/n =~ V3, suggesting that the residual
influence is even stronger in the initiation micromechanics.

(3) Anincrease in scatter in data, as reflected by the relatively
large error bounds at P < P. in Figs. 3 and 4. This trend is consis-
tent with a change in fracture mechanics where the characteristics
of the near field rather than of the far field of the residual inden-
tation control the flaw response. Near contact fields are far more
inhomogeneous in their spatial distribution®® and are correspond-
ingly more sensitive to local fluctuations in the deformation pro-
cesses which constitute the hardness zone.

Hence as we approach the domain of ultrahigh strengths, our
focus shifts to the more complex issue of crack initiation. In an
earlier attempt to model this phase of the fracture process a phe-
nomenological approach was adopted, assuming that the crack
nucleus can be regarded as an incipient microcrack in a local field
determined by the scale of the hardness zone.*' This model, in
circumventing any reference to the explicit deformation processes
which generate the crack nucleus in the first place, may be seen to
be somewhat restrictive in the present context. The question as to
how the residual component of the contact field enters the picture
is obscure; and we have emphasized the crucial role of the residual
driving force for fracture in all stages of flaw evolution. Again, we
have mentioned that fused silica is an “anomalous” glass insofar as
its deformation properties are concerned;*” is it valid to apply a
model derived on the implicit assumption of “normal” behavior to
such glasses? In the absence of a theoretical base for incorporating
these and other essential physical elements of the initiation pro-
cess, we have no proper foundation for using fracture mechanics
as a predictive tool in strong-fiber applications at all.

Nevertheless, some more recent experimental observations of
the near-contact deformation zone in glasses appear to be providing
us with- the necessary physical understanding for setting up a
sounder model.?®*3"3 At present, developments along these
lines have not gone beyond the qualitative stage. Essentially, the
evolution of radial cracks in a sharp-indenter field is envisaged as

/|

Fig. 6. Two-step process for crack initiation in
indented glass. Stress concentration develops at
edge of constrained fault FF in quadrant of
Vickers impression, thereby generating micro-
crack FC. Shear (S) and tensile (T') stress com-
ponents responsible for driving respective steps
are indicated (after Ref. 28).

a two-step process.”®? This process is depicted schematically in
Fig. 6. In the first, precursor step the penetrating indenter gener-
ates shear displacements into the material from the contact surface.
These displacements occur on well-defined “fault” surfaces, at
discrete spatial intervals, typically at =1 um separation, at shear
stresses close to the theoretical limit of the glass. The faulting
accounts for only part of the deformation, however, since the open
glass network is also amenable to structural densification.*** It is
here that the major distinction arises between normal and anoma-
lous glasses. In the latter there is less ionic modifier content in the
structure to provide “easy slip” paths for cooperative shear pro-
cesses,” in which case the faults tend to be confined to the near-
surface region.”® Consequently, densification is the dominant
deformation mode in anomalous glasses; and since this mode is
better able to accommodate the indentation volume than is the
competitive shearing mode, the residual contact field is much less
intense than in normal glasses.’*

In the second step of the initiation process a microcrack gener-
ates at the edge of a critical fault, where the locked-in shear stresses
are concentrated.?® It is believed that generation takes place close
to the specimen free surface, thus accounting for the sensitivity of
subthreshold phenomena to environmental interactions as alluded
to in Section III. It is also believed that this phase of the flaw
development is common to normal and anomalous glass types,
notwithstanding the distinctive deformation responses described.”
It is only the geometrical constraints that differ in the two glass
types. This would explain why the same three major features
in strength properties for fused silica listed at the start of this
section are observed also in soda-lime glass (the archetypal
normal glass).”’

Let us now reexamine these three features in terms of the two-
step process just outlined. We expect the inert strength in the
subthreshold region to exceed that predicted on the basis of ex-
trapolation from postthreshold data because, put simply, the micro-
crack configuration in Fig. 6 is not nearly as potent a flaw as the
well-developed radial crack. The fact that radial cracking can gen-
erate spontaneously in the postindentation configuration (at loads
just below P., in moist environments)*®* means that the local re-
sidual driving force must overcome some initiation barrier. Sub-
sequently applied tensile stresses will augment these driving
forces, thereby lowering the barrier. The indication in our obser-
vation of subthreshold dummy flaws at loads P < P. is that the
barrier persists at stress levels which would cause equivalent post-
threshold flaws to become unstable, i.e., as defined by Eq. (1).
Hence the increase in strength evident in Fig. 3. Clearly, the key
to a quantitative description of this strength trend is an analytical
expression for the subthreshold driving force, analogous to the
stress intensity function K(c, P, o,) from which Eq. (1) derives
(Section ITI(1)), embodying the characteristic elements of both the
faulting and the microcracking stages indicated in Fig. 6.

As to the increase in fatigue susceptibility observed in the low-
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load region, theoretical fracture mechanics tells us that the more
dominant is the residual-stress contribution to the net driving force,
the stronger is the depression of the indentation fatigue parameter
n' below the true velocity exponent n. (For instance, in going from
point-contact to line-contact flaws the “range” of the residual field
increases, with consequent reduction of n’/n in Eq. (3a) from =%
to =~¥2.**) Following our conclusions in the previous paragraph
concerning the initiation barrier, we would certainly expect the
residual stresses to exert a greater influence on the mechanical
response while the crack remains in the near vicinity of the shear
fault. This would account for a ratio n”/n’ less than unity. Again,
the derivation of an appropriate analogue to the postthreshold re-
lation Eq. (3a) allowing for an exact determination of this ratio
(contingent, of course, on the retention of Eq. (2) as a valid de-
scriptor in the subthreshold region) awaits a more detailed analyt-
ical model.

This leaves the issue of the increased scatter. We have already
mentioned the sensitivity of fracture phenomena in the near-
contact-region to stress-field inhomogeneity. Microscopic exami-
nations of the fault patterns show a marked lack of geometrical
reproducibility from indentation to indentation; indeed, the surface
traces do not even show a symmetrical disposition in the four
quadrants of the hardness impression for any given indentation.?®
Bearing in mind that we are talking about faults spaced at =1 um
in flaws of size <5 um (Figs. 3 and 5), it becomes clear that
there is scope for a strong stochastical element in the initiation
micromechanics.

We have described experimental results from specimens con-
taining artificially introduced flaws. Are we justified in using these
results to infer the mechanical response of optical fibers containing
“natural” flaws? From a fracture mechanics standpoint it can be
demonstrated that the existence of a size-dependent threshold is a
general phenomenon, especially in association with flaws initially
generated in highly concentrated stress fields (contact sites, par-
ticle inclusions, etc.).”>*'*? Thus abrupt changes in measured
strength parameters, corresponding to a transition from propaga-
tion-controlled to indentation-controlled fracture processes, should
not be an altogether unexpected occurrence in systems where
special efforts are made to refine the flaw distributions toward the
ultimate in surface perfection. Reference was made earlier
(Section I) to a fatigue susceptibility parameter =20 reported by
several workers for pristine silica fibers tested in water. This value
does not appear to be too sensitive to “light” surface damage'®"'
(such that the strengths remain in the region =1 GPa), but fibers
degraded by a relatively severe abrasion treatment show a substan-
tial increase, to between 29 to 37.*** These values may be com-
pared with the respective parameters n' = 19.0and n’ = 30.7 for
the subthreshold and postthreshold indentation flaws in the present
study. Although it might be unwise to attach unequivocal signifi-
cance to the quantitative correspondence here, the results do at
least give confidence in using controlled flaws to predict trends in
fiber strength properties.

This last point is one that should appeal to those who seek a
deeper understanding of the fundamental physical and chemical
processes which determine the mode of failure in the ultra-high-
strength region. First, the facility to create one’s own flaws in a
controlled manner allows for detailed study of underlying struc-
tural micromechanisms at all stages of the evolution, from first
inception to ultimate failure. This is an aspect of fracture mechan-
ics which has been largely ignored by the glass testing community,
particularly in relation to optical fibers. We have intimated in this
section that studies of this kind can lead to unexpected conclusions;
the crucial role of residual crack driving forces in parametric evalu-
ations is a case in point. Second, indentation testing ensures op-
timal reproducibility in strength data, thus lending itself to a more
systematic investigation of material-environment variables (glass
composition, environmental chemistry, temperature, etc.) than
currently available with statistical-based methodologies. By fixing
the flaw configurations one establishes a sounder basis for com-
parative evaluation of extraneous influences on fiber strength prop-
erties, e.g., in using data from coated and uncoated fibers to
determine the role of protective layers in fatigue processes.
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Finally, there are some implications concerning design and re-
liability which warrant brief comment. Most current design proce-
dures derive from the unqualified acceptance of the simplistic
“Griffith flaw” concept. That is, it is assumed that the flaws are
exclusively cracklike in nature and are totally free of preexisting
influences. We have presented evidence which questions both of
these assumptions, particularly in the ultrasmall flaw region so
pertinent to optical fibers. This is not to say that the conventional
strength formalisms may not provide reasonable empirical fits to
laboratory test data. After all, Eq. (2) has exactly the same form
as the familiar dynamic fatigue equation for Griffith cracks, yet it
provides linear fits to our data for postthreshold and subthreshold
flaws in Fig. 4. It is in the parameters obtained from such fits that
the main differences reside. In particular, one has to be extremely
cautious in attempting to predict these parameters for any flaw type
from macroscopic crack velocity data. For this kind of prediction
it is necessary to employ the appropriate parametric connecting
relations (analogous to our Eq. (3) for residually stressed post-
indentation flaws). But perhaps most important of all is the poten-
tial danger in data extrapolations beyond the laboratory testing
range, notably to long operational lifetimes. The observation that
flaws can continue to evolve long after inception if conditions are
“right” (undiminished residual stress, reactive environment,
elevated temperature)®? is a cause for concern in this regard.
Thus we might take every possible precaution to guarantee an
“acceptably high” strength level for our finished fiber product
(e.g., by fatigue testing unlimited numbers of control specimens,
proof testing), but all of this will count for nothing if the control-
ling flaw undergoes a subthreshold-postthreshold transition at
some later stage during service. There is in fact some evidence in
the glass fiber literature to suggest that lifetime characteristics
can suffer abrupt changes on prolonged exposure to water.” This
phenomenon is surely one area of research that bears further
investigation.
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